Abstract The midline and intralaminar thalamic nuclei (MITN), locus coeruleus (LC) and cingulate cortex contain nociceptive neurons. The MITN that project to cingulate cortex have a prominent innervation by norepinephrinergic axons primarily originating from the LC. The hypothesis explored in this study is that MITN neurons that project to cingulate cortex receive a disproportionately high LC input that may modulate nociceptive afferent flow into the forebrain. Ten cynomolgus monkeys were evaluated for dopamine-b hydroxylase (DBH) immunohistochemistry, and nuclei with moderate or high DBH activity were analyzed for intermediate neurofilament proteins, calbindin (CB), and calretinin (CR). Sections of all but DBH were thionin counterstained to assure precise localization in the mediodorsal and MITN, and cytoarchitecture was analyzed with neuron-specific nuclear binding protein. Moderatehigh levels of DBH-immunoreactive (ir) axons were generally associated with high densities of CB-ir and CR-ir neurons and low levels of neurofilament proteins. The paraventricular, superior centrolateral, limitans and central nuclei had relatively high and evenly distributed DBH, the magnocellular mediodorsal and paracentral nuclei had moderate DBH-ir, and other nuclei had an even and low level of activity. Some nuclei also have heterogeneities in DBH-ir that raised questions of functional segregation. The anterior multiformis part of the mediodorsal nucleus but not middle and caudal levels had high DBH activity. The posterior parafascicular nucleus (Pf) was heterogeneous with the lateral part having little DBH activity, while its medial division had most DBH-ir axons and its multiformis part had only a small number. These findings suggest that the LC may regulate nociceptive processing in the thalamus. The well established role of cingulate cortex in premotor functions and the projections of Pf and other MITN to the limbic striatum suggests a specific role in mediating motor outflow for the LC-innervated nuclei of the MITN.
Introduction
Almost every structure in the brain receives some input from the locus coeruleus (LC) and this led Foote (1997) to conclude that there is no readily evident organizational scheme for this vast efferent arbor with the basal ganglia being the only region not innervated. This widespread innervation led to the view of general functions for the LC, such as improving signal-to-noise ratios in sensory systems (Morrison and Foote 1986; Ebert 1996; Ego-Stengel et al. 2002; Devilbis and Waterhouse 2004) , rather than roles in specific functions. Beyond this ''widespread'' perspective, however, there is the view that emphasizes targets with heaviest LC innervation and considers the consequences of heavy inputs in a system that is involved in flight-or-fight coordination (Abercrombie and Jacobs 1987) . One example is the heavy projection of LC to the magnocellular division of the paraventricular nucleus of the hypothalamus that regulates vasopressin release (Ginsberg et al. 1994) . The thalamus also has nuclei with particularly heavy LC/ norepinephrinergic (NEergic) inputs including the midline and intralaminar thalamic nuclei (MITN) (Jones and Yang 1985) . The LC, MITN, and their projections to cingulate cortex are involved in pain processing and fight-or-flight responses, yet the system organization and regulation by NE have not been explored. Dopaminae-b hydroxylase (DBH) is the rate limiting enzyme in NE synthesis and a survey of its immunohistochemistry showed that many MITN receive substantial NEergic innervation (Vogt et al. 2008 ). In addition, many of these nuclei are nociceptive and project to cingulate cortex suggesting that LC projections may modulate pain processing directly in thalamic neurons and cingulate cortex by increasing signal-to-noise in both regions. The role of the LC in modulating behavioral states has been reviewed by Berridge and Waterhouse (2003) . Since LC neuron discharges tend to occur in large groups, it is unlikely that the details of responsivity during sensorydiscriminative tasks with various cues and rewards, anticipatory responses and rapid-training reversal, are derived by information in LC. More likely, these responses result from the projections of cingulate cortex to the LC. Indeed, many of the anticipatory, reward coding, and response selection functions attributed to the LC have also been demonstrated in the cingulate gyrus. Even the role of the LC in the autonomic aspects of emotion (Aston-Jones et al. 1996) could be partially explained by projections from anterior cingulate area 25 to the LC.
There are direct and reciprocal connections between NEergic systems and the cingulate gyrus associated with mutual information processing including pain and stress alterations. The descending cingulate projections to the LC have been shown in monkey and cat (Chiba et al. 2001; Room et al. 1985) and nociceptive midcingulate cortex (MCC ; Vogt 2005 ) is in a position to drive the LC. Lesions of ACC block gastric ulcers caused by restraint stress in rats (Henke 1983 ) and intermittent footshock and restraint stress enhance expression of the immediate early protein cfos in anterior cingulate cortex (ACC) area 32 (Sawchenko et al. 2000; Rosene et al. 2004) . Nociceptive afferents are a major input to the LC from the paragigantocellular nucleus of the reticular formation (PGi) since lidocaine block of PGi blocks nociceptive activation of the LC (Ennis and AstonJones 1988; Ennis et al. 1992) . The MITN are a primary source of nociceptive information to ACC and MCC (Vogt et al. 1979 (Vogt et al. , 1987 Vogt 2005) but nothing is known of how the LC modulates thalamocingulate neuronal activation during noxious and stress stimulation. The extent to which each nociceptive nucleus in the thalamus projects to cingulate cortex needs to be evaluated in the context of LC projections, that is, DBH-ir axons in the MITN.
A key MITN that may mediate nociceptive and stressmediated responses is the parafascicular nucleus (Pf). The Pf is nociceptive (Casey 1966; Dong et al. 1978) and it receives cingulate (Chiba et al. 2001; Room et al. 1985; Yasui et al. 1985) and LC (Jones and Yang 1985) inputs. The Pf likely contributes to descending pain control, since it projects to the periaqueductal gray (Sadikot et al. 1992 ) and electrical stimulation of the Pf generates mainly excitatory responses therein as does noxious heat or pressure stimulation of the skin (Sakata et al. 1988) . Nociceptive afferents are transmitted from the spinal cord (Willis et al. 1979; Apkarian and Hodge 1989) , subnucleus reticularis dorsalis (SRD; Bernard et al. 1990; Villanueva et al. 1998 ) and the parabrachial (Royce et al. 1991; Bester et al. 1999; Pritchard et al. 2000) nuclei to the MITN and each of these nuclei project in turn to cingulate cortex (Minciacchi et al. 1986; Royce et al. 1989 ). The following nuclei receive spinothalamic afferents and have been reported to contain nociceptive neurons (above and Ammons et al. 1985) and project to cingulate cortex: Pf, centrolateral (Cl), paracentral (Pcn), reuniens (Re), paraventricular (Pv), central, ventromedial (VM), parvocellular mediodorsal (MDpc), and limitans (Li). In addition, the parabrachial nucleus and SRD contain nociceptive neurons and project to Re, Pf, VM (Menendez et al. 1996; Pritchard et al. 2000; Villanueva et al. 1988 Villanueva et al. , 1998 and, as noted, each of them project to cingulate cortex. Evidence of direct nociceptive transmission via MITN arises from lidocaine injections into the Pf that block such activity (Sikes and Vogt 1992) .
There appear to be only two nuclei that project NEergic axons to the thalamus including the LC and A1/A5. The latter nucleus receives a cardiovascular input, primarily a heart rate signal from baroreceptors, and projects to the Pv nucleus of thalamus (Byrum and Guyenet 1987; Woulfe et al. 1990 ). Since the LC also projects to Pv (Jones and Yang 1985) , it cannot be concluded that all DBH activity in Pv arises from the LC. As no other thalamic nuclei receive A5 inputs, the DBH to the remainder of the MITN likely arises entirely from the LC.
The above observations lead to the conclusion that, in addition to a broad and diffuse projection to most parts of the forebrain, the LC likely has preferential inputs to the mediodorsal and MITN, it is nociceptive, and it regulates thalamocingulate projections involved in nociceptive processing. The hypothesis for this study led us to evaluate the ''hot spots'' of LC projection targets using DBH immunohistochemistry. Nuclei with either moderate or dense DBH innervation were considered in detail including a number of other structural characteristics such as calciumbinding proteins and intermediate neurofilaments. Seven MITN stand out along with MD with dense LC input, nociceptive responses, and projections to cingulate cortex: Li, Pf, Pv, Re, Cl, Csl, and Cs.
Methods
Ten adult, cynomolgus monkeys were anesthetized with an excess of sodium pentobarbital and perfused via intracardial perfusion with 100 ml cold saline followed by 1 l of cold, 4% paraformaldehyde over a period of 45 min. All procedures involving the handling of animals were approved by the Committee for the Humane Use of Animals at SUNY Upstate Medical University. The brains were removed, the hemispheres separated, and each one bisected in the coronal plane, and digitally photographed. The brains or thalami were cut in a cryostat into six series at 40 lm thickness. Floating sections were pretreated with 75% methanol/25% peroxidase, followed by a 3 min pretreatment with formic acid (NeuN only) and then a washing with distilled water and two washes in phosphate buffered saline (PBS). Sections were incubated in primary antibody in PBS (dilutions: SMI32, 1:10,000, mouse; NeuN, Chemicon, Temecula, CA, 1:1,000, mouse; calbindin, Chemicon, 1:2,500, goat; DBH, Chemicon, 1:500, sheep) containing 0.3% Triton X-100 and 0.5 mg/ml bovine serum albumin (BSA) overnight at 4°C. The SMI32 antibody (Sternberger Monoclonals, Luthersville, MD) is to nonphosphorylated epitopes on the middle and heavy subunits of the neurofilament triplet. Sections were rinsed in PBS and incubated in biotinylated secondary antibody at 1:200 in PBS/Triton-X/BSA for 1 h. Following rinses in PBS, sections were incubated in ABC solution (1:4; Vector) in PBS/Triton-X/BSA for 1 h followed by PBS rinses and incubation in 0.05% diaminobenzidine, 0.01% H 2 O 2 in a 1:10 dilution of PBS for 5 min.
After final rinses in PBS, sections were mounted, airdried, counterstained with thionin, dehydrated and cover slipped. None of the DBH sections were counterstained with thionin. The reaction specificity was evaluated by excluding the primary antibody from the reaction or by including a peptide blocker (calbindin) to block the reaction. Most sections were counterstained to assure that nuclei and layers with high immunoreactivity are so stained and could be localized to individual MITN which are often quite narrow and interspersed among many other nuclei along the midline and the medial medullary lamina. Thus, the NeuN-ir, SMI32-ir, and calbindin-ir sections were stained for 3 min in thionin (0.05%, 3.7% sodium acetate, 3.5% glacial acetic acid, pH 4.5).
The nomenclature follows Olszewski's (1952) analysis of the monkey thalamus. It was further modified to express nuclear differences in DBH and calcium-binding protein observations and his VLm is termed VM according to current usage. Lower case abbreviations are used for fiber tracks.
The survey refers to three levels of DBH activity because those nuclei with moderate or high levels of activity are the primary focus of study. Other antibodies are used to identify nuclei and subnuclei in the mediodorsal and MITN based on this assessment. Examples of low, moderate, and high density DBH immunoreactivity is shown in black and white in Fig. 5d -f for three nuclei in the same section. The low level activity is overlooked as part of a general, and possibly, non-selective NEergic projection system as it appears everywhere in the brain except the caudate nucleus. In contrast, the moderate and high levels of DBH activity are emphasized as providing significant regulation of particular nuclei. Microdensitometry was performed on some nuclei to verify a quantitative link with the three qualitative levels as shown in Fig. 5d -f where the three blue rectangles indicate the sampling sites in each nucleus. The Bioquant Densitometry tool (Nashville, TN) was used with a 43,200 lm 2 rectangle to evaluate the area in lm 2 of thresholded DBH+ axons. The following mean ± SEM values were determined: light 3,871 ± 188, moderate 5,356 ± 1,032, heavy 15,586 ± 3,210.
The analytical approach involved taking low magnification digital photographs (10-409) of DBH preparations for each case with the MacroFire camera (MicroBrightField, Williston, VT). These were used to identify nuclei with moderate or high levels of activity at higher magnification (100-2009). These latter nuclei were then evaluated at the same magnification for the other antigens in adjacent sections. The digital photographs were imported into different layers in Photoshop CS2 and coregistered using identifiable blood vessels and surface features where available as the ventricular ependyma. The borders of each nucleus were outlined in the NeuN and DBH sections and there were merged. Small adjustments often had to be made to match adjacent sections for a number of reasons; sometimes even a 0.25 mm distance between sections had a profound influence on the size and shape of a nucleus particularly in the posterior thalamus. One example is in Fig. 4 where the dorsal DBH site (a, shown in red) had to be extended medially to accommodate the paraventricular nucleus (Fig. 4b ). This assured that the locations of NeuN, CB, and CR neurons were accurately identified in each subdivision of each nucleus. Finally, fitting DBH terminations to small intranuclear groups of neurons can only be done in a limited way. The details of intranuclear coregistrations will require double labeling and electron microscopic studies based on hypotheses generated by these observations.
Results
An overview of nine coronal levels through the thalamus for DBH-immunoreactive (DBH-ir) axonal plexi is shown in Fig. 1 . They begin with the largest and most dense plexus in a confluence of nuclei in the posterior thalamus. The levels are numbered (1., 2.) throughout the text as each figure considers different levels from Fig. 1 , while sections of each figure are labeled with capital letters. The confluence in the first two sections includes the most posterior limitans nucleus (Li) and densocellular division of the mediodorsal nucleus (MDdc). These nuclei are shown at a higher magnification and include a NeuN preparation to show the densely packed neurons of limitans just dorsal to the pretectal region. Although all thalamic nuclei have at least a low level of DBH-ir axons, the present assessment emphasizes nuclei with moderate or high levels of DBH activity. These three levels of enzyme activity are shown in black and white in Fig. 5 , so the color processing does not detract from the full range of immunoreactivity, particularly at low levels. These qualitative levels are linked quantitatively to immunoreactive axons using microdensitometry (see ''Methods'').
At level 2 in Fig. 1 , the habenulointerpeduncular tract is seen just before it penetrates the habenula. Medial to this tract is the most dense DBH activity in the parafascicular (Pf) and paraventricular (Pv; asterisk) nuclei. The next level 3 has a dense, DBH-ir fiber bundle that is part of and lateral in the habenulointerpeduncular tract. This appears to be one of the major pathways entering the thalamus and the habenulointerpeduncular tract is not a habenular efferent pathway only. A subsequent level of the thalamus contains dense plexi including the following nuclei in the caudal-torostral orientation: Cl, mediodorsal magnocellular (MDmc), superior centrolateral (Csl), central inferior (Cif), Re, multiformis division of MD (MDmf), parataenial (Pt), and superior central (Cs).
The high density of DBH-ir axons in Pf in level 2 is of particular interest because a similar level of activity is not present lateral to the habenulointerpeduncular tract. It is also adjacent to axons in the Pv and forms a complex pattern; that is, the projection to Pf, even in the medial part, is not uniform. A more detailed analysis of level 2 is in Fig. 2 where it is clear that the Pf is not uniform in terms of the size and density of neurons. It appears that the DBH-ir axons select between two parts of Pf medial to the habenulointerpeduncular tract; the medial part of Pf (Pfm) is comprised of neurons with dense levels of DBH-ir axons, while the other division does not receive this input and there is a greater variability in neuron sizes; therefore, the latter is termed multiformis (Pfmf). The calcium-binding proteins are primarily expressed in Pfm and not Pfmf (Fig. 2c, d, f, g ), although not all of the neurons even in Pfm express calbindin (CB) or calretinin (CR) and a further subdivision of Pfm may become necessary as the DBH+ plexus does not appear in the medial part of Pfm.
The density of neurofilament protein expression also differentiates Pfm and Pfmf. Figure 3 shows SMI32 immunoreactivity in three cases; case 1 (Figs. 1 and 2 ) and cases 2 and 3 in Fig. 3 . Case 1 in Fig. 3 is thionin counterstained and Pfmf shows high expression of NFP, while there is a low level of NFP in Pfm. Coregistration of the NeuN section at a similar level shows neurons in Pfm and the multiple sizes of neurons in Pfmf. The dispersion of Pfmf may explain some of the ''gaps'' in DBH labeling in the medial part of Pf but double-labeling studies will be needed to verify this. Cases 2 and 3 are shown at lower magnification and higher magnifications to emphasize that the lateral division of Pf (Pfl) also has a low level of NFP expression. Thus, the heterogeneity in DBH-expressing axons in the Pf is due to its selection of a subdivision of Pf rather than a simple projection to the entire nucleus, both laterally and medially.
The MITN preference of the DBH-ir axons is well demonstrated in Fig. 4 where they can be seen around and in the mediodorsal nucleus. The plexus is shown in Cl and is coregistered to NeuN, SMI32, and CB-ir and shows again that the high density of DBH-ir axons is associated with low levels of neurofilament proteins and high levels of calcium-binding proteins. The MDmc at this level has a high density of DBH-ir axons and this plexus extends into the Pv. The Pfm has low DBH-ir axons and CB-ir neurons in contrast to the heavily stained Cl.
The distribution of DBH-ir in and around the mediodorsal nucleus is further shown in Figs. 5, 6, 7, and 8. A middle level of MDmf is in Fig. 5 that has a moderate density of DBH-ir axons and little CB-ir in contrast to Cl, Csl, Pv, and Cim that have a high level of both. At a more rostral level of the thalamus (#6 in Fig. 1) , the border Fig. 1 Overview of DBH immunoreactivity in thalamus. The nine levels are shown with the medial surface and numbered by coronal section, and these numbers are used in subsequent figures. The most dense and largest concentration of DBH-ir axons is in sections 1 and 2 and that for 1 is magnified and the nuclei outlined to demonstrate the location of the Li and a few patches in MDdc and a coregistered section of NeuN immunhistochemistry to show the Li (arrows). The Pv is labeled in each section with a white asterisk and DBH activity in the habenula is not considered; other thalamic nuclei with moderate or high DBH-ir are labeled in the low magnification sections. cgs Cingulate sulcus, hit habenulointerpeduncular tract, Hl lateral habenula, Hm medial habenula, Prt pretectal area, sc superior colliculus. Magnification bars are 200 lm between MDpc and MDmc is magnified in Fig. 6 . Here the moderate density of axons in MDmc and low density in MDmf and MDpc is apparent. Although the CB reaction product is highest in Csl, Cl, Pt, and Pv, it is also present at a moderate level throughout MD that cannot be appreciated at low magnification when the sections are counterstained. The counterstaining was used to assure a correct identification of immunoreactivity in the MITN. Figure 7 photographs are located ventral to that in Fig. 6 and in level #6 in Fig. 1 . Here the moderate density of DBH-ir axons in MDmc is seen as well as the higher density of such axons in Cif and Re. Neither the Pcn or VM has anything more than a low density of DBH-ir axons. To the extent that VM has nociceptive activity and projects to cingulate cortex, this suggests a different role of such projections in pain processing as discussed below. The highest density of CB-ir neurons is in the Cim, Cif, and Re nuclei with lower numbers of CR+ neurons in the same nuclei. A low density of CB-ir neurons is also in the Pcn, and MDmc nuclei.
The most rostral level #9 of the thalamus is in Fig. 8 . Of particular note at this level is the high density of DBH-ir axons in MDmf that was not present caudally. As this is not characteristic of most parts of the nucleus, we refer to this as MDmfa for ''anterior''. It also appears there is a moderate level of activity in Pcn. The continued heavy DBH labeling in Csl, Cs, Pv, and Pt are also present. Another difference of the MDmfa with its caudal counterparts is the high density of heavily labeled CB-ir neurons. These observations are documented at a higher magnification, as is the difference in cytoarchitecture between MDmfa and Pcn in Fig. 8 . This includes the high number of CB-ir neurons (Fig. 8g) .
Discussion
Immunoreactive DBH axons were usually associated with CB-ir and CR-ir neurons and low levels of neurofilament proteins in the mediodorsal and MITN. The paraventricular, superior centrolateral, limitans and central nuclei had relatively high and evenly distributed DBH, while the mediodorsal magnocellular and paracentral nuclei had a moderate and even distribution. Heterogeneities in DBH-ir in other nuclei raise questions of functional segregation. The anterior multiformis part of the mediodorsal nucleus, but not middle and caudal levels, had high activity. The posterior parafascicular nucleus was heterogeneous; the lateral part had little DBH activity, its medial division a high level, and its multiformis part only a small amount. To the extent that many of these thalamic nuclei are nociceptive and the LC is active during stress, nuclei in the MD and MITN that receive a high level of NEergic input may provide important sites of interactions between pain and ''stress'' (fight-or-flight) circuits. The Pv receives dense and homogeneous DBH afferents and it has both baroreceptor-and nociceptive-coded information.
Interactions of cingulate cortex and LC
It is a striking fact that some neuron functions in cingulate cortex have been demonstrated in the LC and these are likely subserved by their reciprocal connections. Of course, some of the functions of cingulate cortex, including longterm and working memories, decision-making, and conflict resolution cannot be performed by LC. Simple functions, however, such as attending to targets, and responding to noxious stimuli are shared by both of these structures.
While LC neurons have decreased activity during sleep and automatic behaviors such as grooming and eating, there are two waking, behavioral states with unique LC neuron discharge properties (Aston- Jones et al. 1999 ). In the phasic mode of firing, there is a moderate level of tonic discharge and phasic LC activation facilitates behavioral responses to target stimuli with short-LC responses. Phasic activation appears to code the meaning or salience of the reward properties of a stimulus and not other aspects of the task including sensory attributes, target frequency, lever release, fixation spot or non-target (context) stimuli (Aston- Jones et al. 1997) . During the tonic mode of firing, LC neurons have high ongoing activity during poor task Fig. 3 performance, and weak and poorly discriminative phasic responses to sensory stimuli during visual-discrimination testing. This is a state of high arousal and sensory scanning rather than high-resolution behavioral performance and this state may be pivotal to the role of cingulate cortex in evaluating behavioral solutions in novel situations. Shifting between LC firing modes provides two different types of behavioral output that are linked to cingulate functions (Aston- Jones et al. 1996 Jones et al. , 1999 . During phasic discharges, processing of specific sensory cues is efficient as the animal's attention to behavioral output is coupled, possibly directly, to MCC outputs because this region regulates detailed skeletomotor functions. During the tonic mode of LC firing, sensory processing and links to particular sensory stimuli are weak and the high tonic discharge rate may be adaptive to changing or unpredictable outcomes and more responsive to unexpected events. In this instance, the LC may be disengaged from MCC and more profoundly engaged with subgenual ACC that mediates general autonomic activation and reflexive orienting.
Noxious footshock stimulation is particularly effective in driving LC output during the tonic mode of firing (Chang and Aston-Jones 1993; Ennis et al. 1992) . MCC driving or coordination of LC activity is likely high during phasic and low during tonic modes of firing and the former involves detailed sensory inputs, cingulate driving, and accurate behavioral output. In contrast, the tonic mode is a state of high arousal and lacks sensory details as shown with target detection, and a higher correlation of discharges is possible with ACC. Thus, a functional circuit for cingulate-mediated, sensorimotor processing occurs during phasic-mode LC firing and is disengaged during tonicmode firing.
Nociceptive driving of LC and cingulate cortex LC neurons discharge during slowly conducting, C-fiber activation associated with the burning aspect of pain, an effect that can be blocked by injection of capsaicin directly into the sciatic nerve (Hirata and Aston-Jones 1994) . Peristimulus-time histograms show robust discharges over baseline following footshock that resolve into two components: an excitatory output and a secondary inhibitory component. Although some lamina I spinal afferents terminate directly in the LC (Westlund and Craig 1996) , the main source of nociceptive excitation of LC neurons appears to be the PGi (Ennis and Aston-Jones 1988; Ennis et al. 1992) . Electrical stimulation of PGi or kainate receptor agonists drive activity of LC as does footshock stimulation, while blockade of these receptors in PGi prevented the activation of LC neurons by noxious Fig. 4 Details of DBH immunohistochemistry at level #3 (Fig. 1 ) and coregistration to other antibodies. The four aggregates of DBH-ir are outlined in red (a) and transferred to the NeuN section (b) with a slight extension into Pv. Though patchy, most of the label is in MDmc. The heavy DBH labeling in Cl and MDmc is shown, as is heavy CB-ir, in both nuclei. c Contains two magnifications of CB in this region. All calibration bars are 200 lm footshock and the source of nociceptive input to PGi likely arises in the spinal cord (Abols and Basbaum 1981; Menetrey et al. 1983 ). Thus, acute noxious stimulation drives spinal inputs to the PGi and these are transmitted to the LC in an excitatory pathway (Aston- ). These spinal nociceptive afferents are projected further into the MITN and from there, to drive the ACC and MCC (above). Thus, both the LC and cingulate cortex are jointly and powerfully driven by noxious stimulation and such activity converts LC neuronal discharges to the tonic, search mode. One possible consequence of this state is that limbic motor systems are coordinated throughout the forebrain and midbrain in a search for predictive cues to use for avoidance of future nociceptive stimulation and enhancing of memories associated with the event in the forebrain.
MITN as nociceptive gateway to limbic motor systems
Although all thalamic nuclei receive some NEergic input, there are a few particularly heavily innervated MITN and this provides for important circuit interactions between (Fig. 1) 
Cardiovascular afferents
One of the highest densities of DBH-ir axons is throughout the Pv nucleus, which receives both A5 (Byrum and Guyenet 1987) and LC inputs (Comans and Snow 1981; Jones and Yang 1985) . Dual inputs throughout the CNS are (Byrum and Guyenet 1987; Woulfe et al. 1990) . Visceral input to these nuclei also arrives from the caudal part of the nucleus of the solitary tract (Beckstead et al. 1980) . Since the rostral projections of A1 and A5 are NEergic and intermingle with LC projections, projections to the Pv, the DBH preparations to the MITN must be viewed as a common input from A1, A5, and the LC. Finally, the common activation of this system by nociceptive and visceral afferents assures synchronization of NEergic and cingulate system functions including behavioral states associated with LC neuron discharges. The joint innervation of cardiovascular and nociceptive systems by NEergic afferents via the MITN may coordinate their processing to assure they are both joined temporally and form part of a common memory substrate.
Extrapyramidal motor system connections and integrated circuit model Thalamic nuclei that project to midcingulate cortex also project to the limbic striatum (Pandya et al. 1981 ) and the rich projections of the MITN to the striatum have been reviewed by Haber and Gdowski (2004) . Kunishio and Haber (1994) showed that the cingulate gyral surface and sulcal premotor areas have distinct projections with rostral gyral and sulcal projections to limbic striatum and ''sensorimotor'' striatum, respectively. Of primary interest here is the fact that Pfm projects to the medial ventral striatum, also termed the limbic striatum in view of its many limbic cortical inputs. A crucial link between NEergic projections to the MITN and interactions with the limbic striatum can be made based on the pattern of DBH input and medial ventral striatal efferents. Figure 9c provides a summary of the latter efferents from the medial PF and Pv (Giménez-Amaya et al. 1995) . Indeed, the Pv labeling in both instances is extensive throughout the entire nucleus. It is an amazing fact that this output pattern matches the distribution of DBH-ir axons shown in Fig. 2 . This suggests that rather than just regulating nociceptive sensory afferents through the thalamus to cingulate cortex, there may also be an important regulation of extrapyramidal motor systems by NEergic projections to the MITN. Interestingly, the lateral Pf projections of the rostral cingulate premotor area are particularly dense (Hatanaka et al. 2003) , while those from the Pfm are dense to the adjacent gyral surface (Fig. 9a) . This might be a key linkage between pain processing systems via the PFl and gyral cortex and skeletomotor output in the cingulate premotor systems and Pfm. Thus, although the details of skeletomotor output associated with nociceptive stimulation may be organized in MCC, NEergic innervation of the striatum could provide extrapyramidal motor support to enhance and focus such outputs as it coordinates emotional motor system outputs. Certainly, the limbic striatum must be viewed as a part of the limbic motor system. The primary conclusion from the present study is that the NEergic inputs to the MITN regulate nociceptive processing through the thalamus and into cingulate cortex and they modulate skeletomotor outputs likely relevant to such sensory processing. The nociceptive afferents terminate in PGi and LC as well as the MITN (red arrows) as shown in Fig. 9d . The joint support of this system by LC output is shown in this figure with blue arrows. Jointly innervated MITN include the Pv, Csl, Cl, Re, Pf, and Li. Although these nuclei are generally viewed as nonspecific, they likely have some topographic specificity in projections to the cingulate cortex and this is shown for the ACC, MCC, and dorsal PCC regions based on earlier work (Vogt et al. 1987 ). Although there are many possible organizations for axon targeting and processing through these circuits, one likely scenario is that projections of Csl, Pv, and Pfm make the limbic striatal projections. The model in Fig. 9d , therefore, synthesizes the nociceptive input and skeletomotor output functions that are regulated by the LC/ NEergic projection system. The joint regulation of key MITN by both nociceptive and LC afferents and their driving of limbic motor systems in cortex and the striatum are the critical conclusion of this analysis. Fig. 8 A rostral level of the thalamus (#1 in Fig. 1) showing the dorsal midline nuclei and the particularly high density of DBH-ir axons and CB+ neurons in MDmfa. mtt Mammilothalamic tract. All calibration bars are 200 lm Fig. 9 Retrogradely labeled neurons in the MITN from injections in three sites. b ACC and MCC gyral surface (Vogt et al. 1987) . b The cingulate motor areas in the cingulate sulcus (Hatanaka et al. 2003) . c The medial and ventral striatum (Giménez-Amaya et al. 1995) . The pattern of output to the medial ventral striatum noted in the latter study appears quite similar to that of the DBH innervation in Pf medial to the hit. d A circuit model of nociceptive afferents (red; thin line small input, thicker line main source) and their modulation by LC/NEergic afferents (blue) based on the MITN with the highest density of DBH-ir axons. Nociceptive afferents to dorsal PCC from the MITN that may be modulated by NE are shown with solid purple arrows, those to MCC are shown with long dashes, and those to ACC are shown with the shortest dashes. Slightly thicker arrows show projections into the medial ventral stratum and emphasize driving of the extrapyramidal system by projections from the MITN
